The primary plant auxin indole-3-acetic acid (IAA) appears to be ubiquitous to higher plants and is likely essential to normal development because auxin-deficient mutants have never been isolated. Synthesis of IAA occurs principally in the most apical tissues of the shoot, the apical meristem and the youngest leaves, although decreased synthesis continues in mature leaves (Sitbon et al., 1991; Ljung et al., 2001) . Transported basipetally, auxin has a controlling role in diverse aspects of plant development, including apical dominance (Chatfield et al., 2000) , leaf abscission (Morgan, 1984) , stem elongation (Sánchez-Bravo et al., 1992) , tropisms (Jensen et al., 1998; Rashotte et al., 2000) , and root development (Reed et al., 1998) .
Although recognized as a critical hormone for stem and root growth, auxin was long thought minimally involved in the growth of leaves, limited to control of vein elongation (Went, 1951) . More recently, however, auxin has been shown to be important in the initiation of new leaves in tomato (Lycopersicon esculentum; Reinhardt et al., 2000) , in leaf vascular development in Arabidopsis (Sieburth, 1999; Mattsson et al., 2003) , and in the cell division phase of leaf expansion in Arabidopsis (Ljung et al., 2001) .
The post-cell division/cell enlargement phase of leaf expansion clearly is influenced by plant hormones other than auxin (Goodwin and Erwee, 1983; Digby and Fern, 1985) and is also highly responsive to environmental conditions especially light quality and quantity (Van Volkenburgh, 1999) . Attempts to determine the role of auxin in leaf expansion by increasing leaf auxin content above normal, endogenous levels, however, have produced conflicting results. On one hand, increasing auxin levels has been shown to increase growth. For example, excised tobacco (Nicotiana tabacum) leaf strips from expanding tobacco leaves curve epinastically with increased growth when incubated in a range of auxin concentrations Van Volkenburgh, 1997, 1998) , and one-time aqueous applications of auxins to the expanding leaves of intact common bean plants results in substantial but transient hyponastic curvature because of increased abaxial leaf expansion (Lippincott and Lippincott, 1971; Lippincott, 1976, 1981; Hayes, 1977 Hayes, , 1978 Hayes, , 1981 . On the other hand, increased auxin levels have been reported to have the opposite effect on leaf development. Transgenic petunia (Petunia hybrida), which overproduces auxin, develops leaves that are epinastic but also smaller and narrower than wild-type (Klee et al., 1987) . The Arabidopsis mutants sur1 and sur2, which also overproduce auxin, also have reduced leaf expansion (Boerjan et al., 1995) . Most recently, growing Arabidopsis seedlings on agar containing the auxin transport inhibitor 1-N-naphthylphthalamic acid (NPA) was reported to lower leaf auxin and reduce leaf expansion (Ljung et al., 2001 ). The authors suggested that increased leaf auxin trapped by NPA initiates a feedback inhibition mechanism that inhibits auxin synthesis. The results of these latter studies are complicated by the fact that the elevation of auxin occurs throughout the entire plant, whether as the result of transgenics or by root treatment with NPA (Boerjan et al., 1995; Ljung et al., 2001) . Therefore, reduced leaf growth may be the indirect result of other auxin-induced changes to whole-plant development.
The principle objective of the current study was to determine whether increased auxin levels, when primarily localized to individual leaves of intact plants, result in increased or decreased leaf expansion and, ultimately, altered final leaf size. The main experimental system used here was the expanding monofoliate (primary) leaves of the common bean. This system has the advantage of large, easily measured leaves that already have been shown to be auxin sensitive (Lippincott and Lippincott, 1971; Hayes and Lippincott, 1976) . Furthermore, the paired arrangement of bean monofoliates allows the use of the opposite untreated leaf to act as a within-plant control.
RESULTS

Growth Effects of Exogenous Auxin on Bean Leaf Blades
In a first experiment, on d 0, after an initial length measurement, 1 mm ␣-naphthalene acetic acid (␣NAA), buffered to pH 6.0 with 1,3-bis[tris{hydroxy-methyl}methylamino]propane (BTP), was applied to one of the pairs of monofoliate leaves of each plant that fell into one of three groups: small leaves (11-12 d postimbibition; Fig. 1A ), medium leaves (12-14 d postimbibition; Fig. 1B) , and large leaves (15-17 d postimbibition; Fig. 1C ). Regardless of initial length, the single aqueous application of 1 mm ␣NAA inhibited the rate of midrib elongation of the treated leaf when compared with the untreated leaves so that by d 6, the treated blades were significantly shorter than the untreated opposite leaf. Harvested on d 6, the treated leaves had significantly less blade fresh weight than the untreated leaves on the same plants (data not shown), indicating that the shorter midribs of the treated leaves were a reflection of the overall smaller size of these leaves.
Midrib elongation (and d 6 blade fresh weight; data not shown) of the untreated leaves opposite treated leaves was not significantly different from the elongation of the midribs (or d 6 blade fresh weight) of wholly untreated control plants (Fig. 1B) , indicating that the effects of auxin were because of growth inhibition of the treated leaves rather than growth stimulation of the untreated leaves. Effect of 1 mM ␣NAA on monofoliate midrib length. On d 0, bean plants (each with an approximately equally sized pair of monofoliate leaf blades) were selected in three different stages of development: A, f and ▫, small leaves 11 to 12 d postimbibition with the monofoliate midribs between 30 and 40 mm long; B, OE, ‚, and छ, medium leaves 12 to 14 d postimbibition with the midribs 40 to 50 mm long; and C, F and E, large leaves 15 to 17 d postimbibition with the midribs 60 to 70 mm long. After initial midrib measurement, the adaxial surface of one monofoliate leaf on each plant (f, OE, and F) was treated with 1 mM ␣NAA (pH 6.0 with BTP). The opposite leaf was left untreated (Ⅺ, ‚, and E). Also shown in B is midrib length of leaf blades for plants of which neither leaf was treated (छ). Midrib length of both the treated and untreated leaves was measured daily as indicated for 6 d. For clarity, in B, the symbols ‚ and छ are shown at alternating time points only. Errors bars ϭ SE in A. In B and C, errors are smaller than symbol size and are not shown. Sample size: n ϭ 12 for f, ▫, OE, ‚, and छ and n ϭ 20 for F and E.
Inhibition of leaf blade elongation is more responsive to a more active auxin than to a weak auxin (Table I) . Applied once at either 0.1 or 1.0 mm, ␣NAA significantly inhibited leaf blade length, final leaf weight, and final leaf area of the treated leaves compared with the untreated leaf on the same plants harvested after 6 d. The weak auxin ␤-naphthalene acetic acid (␤NAA) also significantly inhibited comparative blade elongation, but only at 1 mm. Application of water alone did not inhibit leaf elongation, final leaf weight, or final leaf area and a weak acid control, benzoic acid, was also ineffective at all tested concentrations.
Applied once, IAA was nearly ineffective at inhibiting blade elongation (Table I) . Because IAA may be rapidly metabolized and is chemically unstable (Epstein et al., 1980) , the effect of daily applications of IAA was also tested (Table I) . IAA was found to significantly inhibit leaf blade length, final leaf weight, and final leaf area of the treated leaves compared with the untreated leaf after 6 d of daily application at all concentrations tested (1 m, 10 m, 100 m, and 1 mm).
Hayes and coworkers have characterized extensively a short-term (i.e. maximal within 2-6 h) hyponastic response by attached bean leaves treated with auxin (Lippincott and Lippincott, 1971; Hayes and Lippincott, 1976) . The same transient multihour hyponastic response was routinely observed in the leaf blades of bean plants treated with higher concentrations of auxin (i.e. ␣NAA or IAA) in the experiments described here. Most treated leaves recovered completely from the hyponastic response within 24 h, after which they remained indistinguishable in general appearance from untreated leaves. Daily application, however, of the highest concentration of IAA (1 mm) to bean leaf blades resulted in a gradual development (.i.e. beginning after 2 or 3 d) of epinastic curvature (data not shown).
Growth Effects of Manipulation of Endogenous Bean Leaf Blade Auxin
If increasing leaf auxin through application inhibits leaf blade expansion, elevation of endogenous auxin within the leaf blade might be expected to have the The adaxial surface of one monofoliate leaf blade of bean plants with a similarly sized pair of monofoliate leaf blades (11 to 12 d postimbibition with both monofoliate midribs between 40 and 50 mm long) was treated either once on d 0 or daily for 6 d beginning on d 0 with aqueous application(s) of solutions (pH 6.0 with BTP) of either ␣NAA, ␤ -naphthalene acetic acid (␤NAA), or benzoic acid, at the indicated concentrations, or of water. Following leaf blade length measurements on d 6, the plants were harvested, and the final leaf blade wts and surface areas of the blades were determined. Data are presented as treated leaf value minus the untreated opposite leaf value on the same plant expressed as mean Ϯ SE (n ϭ 8). Significant differences between the midrib length, blade fresh wt, and blade area of treated versus control (untreated) leaves within plants (paired sample Student's t test) are indicated by an asterisk. n.d., Not determined.
Initial (d 0) leaf blade fresh wt and area for leaf blades was estimated from destructive sampling of other leaf blades. Leaf blades with 40-to 50-mm-long midribs weighed between 240 and 330 mg and had leaf areas in the range of 14 to 19 cm 2 . Final (d 6) leaf blade midrib length, blade fresh wt, and blade area of the untreated leaf of plants that received a single water treatment was 81.4 Ϯ 3.5 mm, 735.4 Ϯ 4.6 mg, and 44.6 Ϯ 3.3 cm 2 , respectively. same effect. IAA produced in leaves moves to the rest of the plant primarily by means of polar auxin transport (Goldsmith, 1977; Estelle, 1998) . Thus, application to leaf petioles of NPA, an effective inhibitor of IAA transport (Goldsmith, 1977; Estelle, 1998) , would be expected to trap IAA within the leaf and result in elevation of leaf IAA concentration. Application of NPA in lanolin to bean leaf petioles inhibited bean leaf elongation in comparison with application of lanolin alone (Fig. 2) . On d 0, after an initial length measurement, NPA (1% [w/w] in lanolin) or lanolin alone was applied to the midpoint of the petiole of one of the pairs of monofoliate leaves of plants with similarly sized leaf blades (approximately 40-50 mm in length). By d 3, NPA treatment significantly inhibited leaf blade elongation. Final leaf blade midrib length, final leaf blade fresh weight, and final surface area (i.e. at d 18) also were decreased significantly by NPA treatment ( Fig. 2 ; Table  II) . Lanolin treatment alone, however, had no effect on leaf blade length, final leaf blade fresh weight, and final surface area because lanolin-treated leaves, control leaves opposite NPA-treated leaves, and control leaves opposite lanolin-treated leaves were never significantly different in length, weight, and area. These results indicate that, as in the case of treatment with auxin, the difference in growth between NPA-treated leaves and the opposite control leaf on the same plant is because of growth inhibition of the treated leaves rather than an induction in growth in the untreated leaves. This conclusion is supported by the results of a separate experiment in which the monofoliate leaf blades opposite NPA-treated leaves were not found to be significantly different in size than those of control, monofoliate leaf blades on untreated plants (data not shown).
An analysis of the free IAA content of NPA-treated and opposite, untreated, leaf blades suggests that the NPA treatment of the petiole did effectively increase the endogenous IAA content of the treated leaf for a sustained period. The free IAA content (Table III) , measured after 1, 3, and 6 d of treatment, and expressed as nanograms of IAA per gram leaf blade fresh weight, was higher in the treated leaves on all 3 d. In every plant tested (n ϭ 11), the IAA content of the treated leaf was higher than that of the untreated leaf. In pair-wise analysis (i.e. paired Student's t test), the NPA-treated leaf blades contained significantly more free IAA on d 1 and 6, although a substantial decline in mean detectable free IAA in both treated and untreated blades occurred by d 6. These results support the hypothesis that elevated leaf auxin content inhibits leaf expansion.
Effect of Inhibiting Ethylene Synthesis on Auxin Regulation of Bean Leaf Expansion
Auxin is well known to induce ethylene production, and many effects of exogenous auxin are, in fact, ethylene responses (Abeles et al., 1992) . To address the possibility of a role for ethylene in the auxininduced leaf growth inhibition observed here, the effect of the ethylene synthesis inhibitor aminooxyacetic acid (AOA; Abeles et al., 1992) was tested (Fig. 3 ). When applied daily with 1 mm IAA and 1 mm AOA did not effect auxin-induced inhibition of leaf growth (Fig. 3A) . AOA alone (1 mm), applied daily, did not effect leaf growth (Fig. 3A) . Over a 24-h period, 1 mm AOA treatment was effective as an inhibitor of ethylene synthesis in detached bean leaf blades (Fig. 3B ). As expected, there was substantially more ethylene released by leaves treated with auxin Figure 2 , the plants were harvested, and the final wts of the blades were determined. Data for wet wt and surface area of the blade portion of monofoliate leaves are expressed as mean Ϯ SE. "Lanolin treated" and "NPA treated" refer to the leaf blades whose petioles were treated with lanolin and NPA (1% ͓w/w͔ in lanolin) respectively, whereas "lanolin untreated" and "NPA untreated" refer to the control leaves opposite treated leaves. Initial (d 0) leaf blade fresh wt and area for all leaf blades were estimated to be between 240 and 330 mg and from 14 to 19 cm 2 . ( Fig. 3B ), but AOA at 1 mm effectively reduced ethylene production in leaves not treated with auxin and greatly inhibited the production of auxin-induced ethylene.
The effect of ethylene application on bean leaf blade expansion was also tested in one experiment in which 2-chloroethyphosphonic acid (CEPA; Ethephon), which reacts with water to produce ethylene (Abeles et al., 1992) , was applied in solution to leaf blades. Although lesser concentrations (100 and 1 m) were ineffective, daily treatments with 1 mm CEPA inhibited blade elongation to a degree comparable with the effect of auxin (CEPA-treated blade midribs were 6.4 Ϯ 1.9 mm shorter than the opposite untreated leaf blade midribs after 6 d). However, the 1 mm CEPA-treated leaves did not develop the epinastic appearance of auxin-treated leaves (data not shown). They also had a tendency to abscise before the end of the experiment, something never seen with auxin-treated leaves. In some species, substantially supra-optimal leaf auxin concentrations are known to induce leaf abscission as a result of induction of ethylene, the apparent primary positive regulator of abscission (Morgan, 1984) . The absence of leaf abscission among auxin-treated bean leaves argues that the concentration of ethylene produced in leaf blades by daily application of 1 mm CEPA exceeded the leaf ethylene concentration induced by auxin application. Together, the results of experiments using AOA and CEPA imply that long-term inhibition of leaf growth of bean leaves is not the result of auxin-induced ethylene production. (OE) . The data are expressed as the comparative elongation of the treated leaf (i.e. elongation of the treated leaf minus elongation of the opposite untreated leaf of the same plant; n ϭ 10 plants for each treatment). Final (d 6) midrib lengths for leaf blades that received AOA alone, AOA ϩ IAA, and IAA alone were 75.2 Ϯ 2.1 (control leaf 76.0 Ϯ 2.7 mm), 70.4 Ϯ 2.4 (control leaf 78.6 Ϯ 1.5 mm), and 67.7 Ϯ 1.3 (control leaf 76.2 Ϯ 1.4 mm) mm, respectively. B, Effect of 1 mM ␣NAA and/or 1 mM AOA treatment on the ethylene released by leaves treated, allowed to dry, then detached and individually enclosed in Erlenmeyer flasks for 24 h. Ethylene production was determined by GC of air samples taken from the flasks (n ϭ 11, 12, 12, and 7 respectively for water control, ␣NAA, ␣NAA ϩ AOA, and AOA). Errors bars ϭ SE. Figure 4 , plants with monofoliate blades 40 to 50 mm in length had one monofoliate leaf petiole treated with a 5-to 7-mm-wide band of NPA (1% ͓w/w͔ in lanolin). Leaf blades (both from treated leaves and from opposite untreated leaves) were harvested from selected plants after 24 h (1 d), 3 d, and 6 d. Free IAA was then extracted and purified by amino ion exchange column chromatography and HPLC and quantified by gas chromatography (GC)-mass spectrometry (MS)-selected ion monitoring as described below. Data are expressed as nanograms of free IAA per gram fresh wt, mean Ϯ SE.
Leaf
After To determine whether elevated auxin has a similar leaf-growth-inhibiting effect in other species and to examine further the potential of ethylene in the phenomenon, Arabidopsis seedlings were used in experiments similar to those described above for beans (Fig. 4) . In Arabidopsis, the first two true leaves emerge and expand nearly simultaneously and reach similar final size and shape (Tsukaya et al., 2000) . The effect on leaf expansion, after 4 d, of daily applications of 1 mm IAA to young second true leaf blades of Arabidopsis wild-type and ein-4 mutants was examined (Fig. 4A) . The harvested fresh weights of the blade portion of both the first (untreated) true leaves (white bars) and the harvested fresh weights of the treated second leaves (black bars) are shown. Daily applications of water alone appeared to have no significant effect on leaf expansion in wild type plants because the first and second leaves grew to a similar final size. Applications of IAA, however, significantly inhibited leaf expansion of the treated leaf relative to the untreated leaf.
ein-4 plants are insensitive to ethylene because of a missense mutation in an ethylene receptor (Hua et al., 1998) . As with wild-type plants, water did not affect final leaf blade fresh weight (Fig. 4A ), but daily IAA application significantly inhibited leaf expansion. Together these results suggest that, as with beans, elevated auxin inhibits leaf blade expansion in Arabidopsis and that this inhibition does not involve ethylene.
Daily application of 1 mm IAA to Arabidopsis (both wild type and ein4) also resulted in considerable epinastic curvature of the leaf blades with a strong tendency to fold across the midvein axis (data not shown). Unlike bean leaf blades, in which auxininduced epinasty developed gradually over several days, Arabidopsis leaf blades were strongly epinastic within 24 h. The epinasty induced by a single application of 1 mm IAA to Arabidopsis leaf blades was, after 4 d, comparable with that sustained by leaf blades treated daily. Single 1 mm IAA applications, however, did not impact final (i.e. after 4 d) leaf blade fresh weight (data not shown). Unfortunately, the contorted leaf form of leaf blades treated with IAA precluded the measurement of the leaf blade area.
The effect of modulating endogenous auxin was also examined in Arabidopsis (Fig. 4B) . NPA (1% [w/w] in lanolin) or lanolin alone was applied to the petiole-blade junction of the partially expanded second true leaves of Arabidopsis. Leaf blade areas of both the untreated first leaf (white bars) and the treated second leaf (black bars) at harvest (4 d after treatment) are shown. ein4 Arabidopsis consistently showed smaller leaf areas than wild type (Fig. 4B) . Lanolin-treated second leaf blades expanded to reach a similar size as untreated first leaf blades, suggesting that the lanolin itself did not significantly affect expansion in either wild-type or ein4 plants. Application of NPA in lanolin, however, significantly slowed expansion of the treated leaf relative to the untreated leaf in both wild-type and ein4 plants. Little or no epinasty was evident with NPA-or lanolintreated leaves (data not shown). These results clearly suggest that modulation of endogenous leaf blade auxin content does impact leaf expansion in Arabidopsis.
DISCUSSION
The results presented here of the effects of NPA treatment of intact plants adds to the growing under- Figure 4 . Effect of blade treatment with IAA (A) and of petiole-blade junction treatment with NPA (B) on Arabidopsis wild-type (Wt) and ein4 mutant (E4) leaf expansion. In A, IAA (1 mM) or water was applied daily to the second true leaf of young Arabidopsis seedlings (15-19 d postimbibition) when the first and second true leaves were partially expanded, and the second was 2.5 to 3.5 mm in length. In B, either NPA (1% [w/w] in lanolin) or lanolin alone was applied to petiole-blade point of attachment of the second leaf of seedlings at the same stage of development as in A (i.e. initial blade area and fresh weight were approximately 5-9.5 mm 2 and 0.9-1.4 mg). Results shown in A are the mean leaf blade weight of both the first and second true leaves after 4 d of treatment. In B, the mean leaf blade area 4 d after application is shown. White bars, Leaf blade weight or area of the first true leaf; black bars, mean leaf blade weight or area of the second (treated) true leaf. Error bars ϭ SE. An asterisk indicates a significant difference between leaves 1 and 2 within plants (paired sample Student's t test). In A, n ϭ 10 for Wt and n ϭ 16 for E4. In B, n ϭ 12 for Wt, n ϭ 20 for E4 water, and n ϭ 21 for E4 IAA.
standing of the role of NPA on auxin levels and distribution. The treatment of bean leaf petioles with that auxin transport inhibitor slowed bean leaf blade expansion and final size ( Fig. 2 ; Table II) . Ljung et al. (2001) also reported the effects of NPA on the growth and free IAA content of Arabidopsis seedlings. They found, in liquid culture experiments, that transferring 10-d-old Arabidopsis seedlings into media containing 40 m NPA for up to 24 h produced an initial increase in leaf free IAA content (maximal after 16 h) that subsequently declined. In other experiments, 10-d-old seedlings grown on agar were transferred to agar containing 100 m NPA for up to 5 d. In these experiments, leaf free IAA content was significantly reduced compared with control plants. Plants incubated in NPA for several days also developed smaller, fully expanded leaves. The authors explained these and other results by suggesting that NPA does appear to trap auxin within expanding leaves but that a feedback inhibition mechanism then inhibits IAA synthesis, leading to lowered leaf auxin content and retardation of growth.
Our results (Table III) , however, suggest that elevation of leaf blade IAA content through localized application of NPA to petioles does not initiate an effective feedback inhibition in beans because free IAA content remained as high or higher in NPAtreated leaf blades as in the opposite, untreated leaf. The decline in auxin content, evident in both treated and untreated leaves, between d 1 and 6 may simply reflect the normal developmental decline in auxin synthesis and auxin content as leaves reach maturity (Sitbon et al., 1991; Ljung et al., 2001 ).
In our experiments, application of auxin or NPA to Arabidopsis leaves inhibited leaf growth. We did not measure leaf auxin content in Arabidopsis, and it is possible that both NPA and auxin initiated feedback inhibition in this system as Ljung et al. (2001) have suggested. This would suggest that bean leaf auxin synthesis responds differently to elevation of leaf auxin than does Arabidopsis leaf auxin synthesis. However, in the experiments of Ljung et al. (2001) , NPA was applied to the entire plants (in liquid culture) or to the roots (NPA-containing agar culture). Auxin transport has been shown to be essential to root development (Reed et al., 1998) . When Arabidopsis seedlings were grown in agar containing just 10 m NPA, initiation of lateral roots was completely blocked, and primary root elongation was greatly inhibited (Casimiro et al., 2001) . Perhaps the decline in leaf auxin content reported by Ljung et al. (2001) was not initiated by an initial rise in auxin within leaves but instead resulted from some root-derived changes.
Daily application of high concentrations of IAA (1 mm) directly to both bean and Arabidopsis leaves should increase leaf auxin content. Although much of the applied auxin probably does not cross the cuticle barrier, reducing the effect of application, repeated applications will elevate auxin levels. This was confirmed by a spot check with single measurement of free IAA. A bean leaf blade treated daily with 1 mm IAA for 6 d (as in Table I ) had approximately 1,000-fold higher free IAA level compared with that found in found in NPA treated leaves (data not shown). Daily applications of IAA to bean leaf blades at more reduced concentrations, as low as 10 m, inhibited leaf expansion (Table II) . This confirms that only modest elevations of leaf auxin appear necessary to inhibit growth (Table III) .
In general, the effect of exogenous auxin is to induce an increase in growth rate of excised auxinresponsive plant tissues. Auxin is generally less effective when applied to intact plants (Hall et al., 1985) . For example, application of high concentrations of auxins to dark-grown intact plants, including to pea (Pisum sativum) epicotyls (Hall et al., 1985) , sunflower (Helianthus annuus) and marrow (Cucurbita pepo) hypocotyls (Tamimi and Firn, 1985) , and watermelon (Citrullis lanutus) hypocotyls (Carrington and Esnard, 1988) , produced a short-term stimulation of growth (3-5 h) followed by insensitivity. Application of auxin to intact, light-grown pea stem internodes, however, resulted in up to 48 h of growth acceleration (Yang et al., 1993) , and transgenic Arabidopsis with elevated auxin content also exhibited increased hypocotyl elongation in the light (Romano et al., 1995) .
Inhibition of root elongation by exogenous auxin, however, has been observed frequently (Burströ m, 1950; Åberg, 1957; Morré and Bonner, 1965; Andreae, 1967; Rauser and Horton, 1975) . Auxin is known to induce production of ethylene (Abeles et al., 1992) , and some have suggested that inhibition of root growth by auxin results from increased ethylene synthesis Burg, 1967, 1970) . This idea, however, is challenged by a study that showed that inhibition of ethylene synthesis does not inhibit auxin-induced root growth inhibition in corn (Zea mays) at higher concentrations (Mulkey et al., 1982) and by another study that shows a poor correlation between the effectiveness of ethylene alone to inhibit root elongation and the quantity of ethylene synthesis actually induced by auxin (Eliasson et al., 1989) .
Could elevation of leaf blade auxin inhibit leaf blade expansion through ethylene induction? Ethylene is associated with the development of epinasty (Abeles et al., 1992) , and in our experiments, single applications of IAA induced leaf blade epinasty in Arabidopsis, and daily applications of 1 mm IAA produced a similar effect in bean leaf blades. A role for ethylene in auxin-induced leaf blade expansion, however, seems unlikely. First, Romano et al. (1993) reported that the epinastic appearance of the leaves of transgenic Arabidopsis with elevated auxin content was not relieved by either of two ethyleneinsensitive mutations. Second, ethylene-induced leaf epinasty is usually only associated with the petiole and not the blade portion of the leaf (Abeles et al., 1992) . Third, beans are among the many plant species that have no epinastic response to ethylene (Crocker et al., 1932) . Fourth, inhibition of ethylene synthesis did not block the inhibitory effects of auxin on bean leaf expansion (Fig. 3) . Fifth, the expansion of leaf blades in the ethylene-insensitive Arabidopsis ein4 mutant was inhibited by daily auxin applications (Fig. 4) . Sixth, application of ethylene (in the form of CEPA) to bean leaf blades only produced inhibition of expansion at concentrations that tended to also produce leaf abscission, something not associated with inhibition of leaf blade expansion by auxin.
The leaves of plants either transformed (including those of tobacco; Romano et al., 1993) or mutated to contain higher than normal levels of endogenous auxin are invariably abnormally small and epinastic (Klee et al., 1987; Romano et al., 1993; Boerjan et al., 1995) . Incubation of excised tobacco leaf strips in auxin, however, produces increased growth, which is also epinastic resulting from relatively greater auxininduced growth of the adaxial epidermis than the abaxial epidermis (Keller and Van Volkenburgh, 1997) . The auxin response of excised tobacco leaf tissues is complete within 24 h.
A possible explanation for why the response to auxin by excised tobacco leaf tissues appears the opposite of the response of intact transformed or mutated auxin overproducers is suggested by the response of the leaves of intact bean plants to elevated auxin levels. In bean leaves, auxin treatment initially produced a hyponastic curvature (complete within 6 h), apparently because a surge in auxininduced growth is limited to cells of the abaxial side of the leaf (Hayes and Lippincott, 1976) . Within 24 h, however, treated leaves recovered their planar form, and auxin-induced growth inhibition was evident (Fig. 1) . Auxin-induced growth inhibition was then sustained for the duration of leaf development ( Fig.  2 ; Tables I and II) . Besides a gradually developing epinasty in the leaves treated daily with a high concentration of auxin (1 mm IAA), the form of the leaves remained otherwise unperturbed. Expanding leaf tissues may have two sequential responses to elevated auxin; an initial growth acceleration followed by growth inhibition. Multiphasic auxin responsiveness by hypocotyls sections has been reported (Penny et al., 1974; Vanderhoef et al., 1976) . In excised leaf tissues, though, only the growth acceleration response to auxin is evident because the growth of such tissues greatly slows or arrests after about 24 h. In auxin overproducers, only the growth inhibition response is apparent because high auxin levels are continuously present as the tissues transition to cell expansion growth. Because auxin levels normally decline as leaves develop (Wightman, 1977; Sitbon et al., 1991; Ljung et al., 2001) , it is also tempting to suggest that in normal leaf expansion in intact plants, auxin may initially act to inhibit cell expansion growth and that the decline in auxin content might be a prerequisite for full leaf expansion.
Early tests of the effects of auxin pastes applied to leaves produced epinasty (Avery, 1935) in a way that suggested that auxin was functioning to stimulate unequal growth of the veins; this, in turn, distorted the shape of the leaves (Went and Thimman, 1937) . It is now clear, however, that auxin sensitivity during leaf expansion is not limited to veins because leaf strips excised from interveinal regions of tobacco leaves have a greater epinastic response to auxin than do veinal tissues excised from the same leaves (Keller and Van Volkenburgh, 1997) . Auxin-induced epinasty of excised interveinal tobacco leaf tissues is strongly developmentally sensitive, correlating with the transition of tissues from cell division growth to cell expansion growth (Keller and Van Volkenburgh, 1997) and with the initiation of expression of auxinbinding protein 1 (Jones et al., 1998; Chen et al., 2001) . The auxin responsiveness of excised tobacco leaf veins appears to occur somewhat earlier than it does in interveinal tissue (C.P. Keller, unpublished data), which probably explains why application of auxin paste to young intact leaves (Avery, 1935; Went and Thimman, 1937) appeared to affect only the veins.
Because leaves of plants like tobacco and Arabidopsis normally develop essentially planar in form, the epinastic response to elevated auxin by the leaf tissues suggests that differential auxin sensitivity might exist across the lamina with adaxial cells being more responsive to higher concentrations of the hormone. The normal distribution of auxin, adaxial to abaxial, within developing leaves may also be unequal and may be disrupted by auxin treatment. Beans might be unusual, compared with tobacco and Arabidopsis, in that the initial auxin sensitivity is reversed, resulting in initial hyponasty.
MATERIALS AND METHODS
Plant Material
Bean (Phaseolus vulgaris L. cv Contender; Southern States Cooperative Inc., Richmond, VA) seeds were first selected for intact condition and uniform weight (0.425-0.525 g), imbibed for 24 h on moist paper towels, and then planted individually in vermiculite in 500-mL pots. Seedlings were grown under greenhouse conditions (ambient light with temperature maintained about 20°C and below 35°C). Plants were watered every 1 to 2 d as needed and treated once weekly with one-quarter-strength Miracle-Gro (Scotts Miracle-Gro Products Inc., Port Washington, NY). Plants to be used for analysis of released ethylene were watered daily with Peters Peat Lite Special 20-10-20 (W.R. Grace, Tukwila, WA), diluted to 100 m nitrogen, and supplemented with 5 m iron from iron chelate dispersable powder (Miller Chemical and Fertilizer, Hanover, PA) and magnesium at 10 m from MgSO 4 , or watered (once a week) with water alone.
For most experiments, bean plants were selected 12 to 14 d after imbibition when the primary or monofoliate leaves were expanding and the first trifoliate leaf remained part of the apical bud. The plants selected were free of apparent deformities, had approximately equally sized monofoliates, and had monofoliate leaf midribs between 40 and 50 mm in length with the longer at least 45 mm in length. In one experiment, plants with smaller leaves (midribs 30-40 mm with the longer 35-40 mm long; 11-12 d postimbibition) and with larger leaves (midribs 60-70 mm long with the longer 65-70; 15-17 d postimbibition) were also employed. 
Bean Leaf Growth Assays
Once bean plants had reached the desired stage of development (i.e. monofoliate blade 40-50 mm), midrib length was measured daily using a dial caliper. After an initial d 0 measurement of length, one monofoliate leaf, chosen randomly on each plant, was then treated by application of the appropriate aqueous solution. Solutions were spread uniformly over the adaxial blade surface using cotton-tipped applicators. Each treated leaf was completely covered with solution to the point that excess dripped from the plant. In some experiments, leaves were not treated with aqueous solutions. In these experiments, one monofoliate leaf petiole was treated with a 5-to 7-mm-wide band of lanolin Ϯ 1% (w/w) NPA. Immediately after treatment and daily in most experiments, midrib length was measured using a dial caliper. At the conclusion of each experiment, the blade of each monofoliate was excised and weighed. Leaf area was estimated from digitized images of photocopies of flatted leaves using a OneTouch 8800 scanner and associated Paperport software (Visioneer Inc., Pleasanton, CA) and NIH Image software (National Institutes of Health, Bethesda, MD).
Stock solutions of 1 mm IAA, ␣NAA, and ␤NAA were prepared by dissolving in water with sufficient heating (i.e. briefly to approximately 80°C). Once cool, these solutions were brought to pH 6.0 with BTP. Stock solutions of AOA (1 mm) and CEPA (1 mm) were dissolved in water. AOA was also brought to pH 6.0. CEPA was prepared for immediate use only. Lower concentration solutions were prepared by appropriate dilution of stock solutions. NPA (1% [w/w] in lanolin) was prepared by dissolving the compound in molten lanolin. All chemicals (and lanolin) were purchased from Sigma Chemical Co. (St. Louis), except NPA, which was purchased from Chem Service (West Chester, PA).
Determination of Bean Leaf Free IAA Content
Bean plants with equal approximately sized monofoliate blades (i.e. 40-50 mm) were chosen for experimentation. One monofoliate leaf petiole of each plant was treated with a 5-to 7-mm band of NPA (1% [w/w] in lanolin) or with lanolin alone. Individual plants were harvested after 24 h (1 d), after 3 d, and after 6 d. Monofoliate leaf blades (both from treated and from opposite, untreated leaves) were weighed and frozen immediately in liquid N 2 . Subsequent storage was at Ϫ80°C, and transportation to St. Paul for IAA analysis was on dry ice.
Purification and quantification was largely as described by Chen et al. (1988) . In brief, entire leaf blades (0.47-1.15 g blade Ϫ1 ) were ground with a mortar and pestle in approximately 4 mL g Ϫ1 sample 65% (v/v) isopropanol with 0.2 m imidazole (pH 7) and 40 ng g Ϫ1 sample [ 13 C 6 ]IAA as internal standard. After 1 h of incubation, the extract was centrifuged, and 50,000 dpm of 3 H-IAA (Amersham, Piscataway, NJ) was added to the supernatant combined as a radioactive tracer. The sample was then diluted 10-fold with double-distilled water, applied to a conditioned amino ion-exchange column (Baker SPE 3 mL, J.T. Baker, Phillipsburg, PA), washed sequentially with hexane, ethyl acetate, acetonitrile, and methanol (3 mL each), and eluted with methanol containing 2% (w/v) acetic acid. The eluate was evaporated to near dryness, and the residue was resuspended in 100 L of 50% (v/v) methanol. The resuspended residue was then passed through an HPLC column (Ultracarb 30, Phenomenex, Torrance, CA) with a 1% (v/v) acetic acid and 25% (v/v) methanol aqueous running solvent. Radioactive fractions from the HPLC were pooled, reduced to dryness, and resuspended in 100 L of methanol. The purified free IAA was then methylated by incubation with 1 mL of diazomethane for several minutes. The methylated IAA was subsequently dried under N 2 and resuspended in 20 L of ethyl acetate. Quantification was by GC-MS-selected ion monitoring as previously described by Ribnicky et al. (1996) using a model 6890N GC/5973Network MS (Agilent Technologies, Palo Alto, CA) equipped with a DB-1701 fused silica capillary column (Agilent Technologies). Injector temperature was at 280°C and an initial oven temperature of 70°C ramping 20°C m Ϫ1 to 280°C. The monitored ions were mass-to-charge ratio 130 and 136 (quinolinium ions from sample IAA and from the 13 C 6 -labeled internal standard, respectively) and mass-to-charge ratio 189 and 195 for the corresponding molecular ions. Dwell times were 50 ms for each ion.
Ethylene Release Assay
As in the long-term growth assays described above, monofoliate bean leaves initially approximately 45 mm in length were treated with water, 1 mm ␣NAA, 1 mm AOA, or both 1 mm ␣NAA and 1 mm AOA. After drying for approximately 15 to 30 min, the blade portion was detached from the plant and placed individually in a 50-mL Erlenmeyer flask containing 1.0 mL of water. The flasks were then closed with serum stoppers. The detached and enclosed leaves were then incubated for 24 h under laboratory conditions, after which gas samples were removed by syringe from the flasks for GC analysis.
Ethylene was detected using a gas chromatograph (model GC-mini 2, Shimadzu, Columbia, MD) equipped with a flame ionization detector and a 6-ϫ 18-inch (15.2 cm ϫ 3.2 mm) stainless steel column packed with Porapac N 80/100 (Alltech, Deerfield, IL). The oven temperature was 60°C, and the detector was 80°C. Gas flow rates were 0.5, 1.0, and 1.5 kg cm Ϫ2 , respectively, for the air (oxygen), hydrogen, and nitrogen (carrier). Ethylene concentration was estimated from the average of three repeated injections per sample and using peak height standard curves prepared with ethylene standards from Scott Specialty Gases (Plumsteadville, PA). Results shown are data averaged from two separate experimental series each with five to seven samples per treatment.
Arabidopsis Leaf Growth Assay
Arabidopsis plants were selected for study 15 to 19 d after sowing, when the first and second true leaves were partially expanded and of similar size, with the second 2.5 to 3.5 mm in length. The second leaf was identified on each plant by the position of the just-emerging third leaf approximately 140°a round the stem axis from the second leaf and close to the insertion of the first leaf. For some plants, the second leaf was treated either with water or 1 mm IAA applied daily to the blade portion of the leaf. For other plants, a 0.8-mm-diameter wire was used to apply a small amount (approximately 1 L) of lanolin Ϯ NPA (1% w/w) to the second leaf on the adaxial surface at the petiole-blade point of attachment. After 4 d, both first and second leaves were removed from each plant, the fresh weight of the blade portion of each leaf was determined for the auxin-and water-treated plants, and the blade area was determined of the NPA-or lanolin-treated plants from microscope images using a digitizing camera (Video Flex 7600, Ken-a-vision, Kansas City, MO).
